Calcination at 650ºC of a physical mixture of zirconium and titanium hydroxides led to the formation of the corresponding oxides, monoclinic zirconia and anatase. The adsorption of perchlorate or persulphate anions (as 0.05, 0.1, 0.2 or 0.4 M aqueous solutions) before calcination did not inhibit crystallization; however, perchlorate anions activated the formation of rutile in addition to the predominant anatase phase. Indeed, the adsorption of perchlorated anions prior to calcination allowed the thermodynamically less stable tetragonal phase of zirconia to be detected in addition to monoclinic zirconia at ambient temperature. In contrast, the adsorption of persulphate anions before calcination stabilized the tetragonal phase with no rutile phase being detected in this case.
INTRODUCTION
Acid-base properties are amongst the most important of those displayed by the surfaces of metal oxide catalysts (Tanabe et al. 1989) . ZrO 2 exhibits both acidic and basic properties and this amphoteric character, together with its high thermal stability, makes this a promising catalytic material. Titania powders are used as supports for the preparation of catalysts useful for many purposes, e.g. the reduction of nitrogen oxides (Schneider et al. 1994) . The pioneering work of Olah (Olah et al. 1985) on liquid superacids has motivated the search for corresponding solid superacids which would be more desirable from an industrial viewpoint because of their reduced storage and separation costs.
It is well documented that sulphated metal oxides can be used as solid acid catalysts due to their high acid strength. Anions such as WO 4 2-, CO 3 2-, Cl -, For OHare also reported as generating surface acidity when incorporated in metal oxides (Hino et al. 1979; Wu and Yu 1990) . In contrast, the use of perchlorate or persulphate anions in this context has hardly been commented upon in the literature (Mishra and Parida 1999; Moussa 2000) . The binary TiO 2 -ZrO 2 oxides also feature among a large number of solid acids. *Author to whom all correspondence should be addressed. E-mail: elshafei_gamal@yahoo.com.
In previous work (El Shafei and Zahran 2002) , we studied the structural and textural properties of persulphated and perchlorated mixed oxides of titanium and zirconium prepared via coprecipitation. We showed that the presence of the titanium salt during the precipitation of zirconium hydroxide stabilized the tetragonal modification of zirconia and virtually eliminated the normal tetragonal ® monoclinic transformation on calcination at 650ºC. The introduction of both S 2 O 8 2and ClO 4 anions at a concentration of 0.05 M partially prevented the crystallization effected by calcination in their absence. However, the two anions exhibited differing effects, with the perchlorate anion preventing the formation of a crystalline titania phase (anatase) to a greater extent than a corresponding zirconia phase. Persulphate anions showed the reverse effect. Complete inhibition of crystallization was observed with both anions when present at a concentration of 0.4 M. The prevention of crystallization due to the presence of added anions was reflected in the relatively high surface area retained even after calcination at 650ºC.
In the present study, we have used physically mixed (hydr)oxides of titanium and zirconium and studied their structural, acidic and textural properties after being subjected to persulphation or perchloration. The study employed techniques such as XRD, FT-IR spectroscopy, the adsorption of pyridine and the low-temperature adsorption of nitrogen (-196ºC) .
EXPERIMENTAL

Preparation of hydroxides
Ammonia water (28%) was added dropwise into an aqueous solution of ZrOCl 2 8H 2 O (Merck) with stirring until a pH value of 9.0 had been attained at room temperature. The precipitated gel was additionally stirred for 30 min and then left to stand for 1 d. After this time, the aqueous portion was decanted from the precipitate and fresh doubly distilled water added, followed by stirring, allowing the system to settle and decanting the aqueous portion away. This type of washing procedure was repeated until no chloride ions could be detected upon further washing (AgNO 3 test). The precipitate was finally isolated by filtration and dried for 24 h at 100ºC. Titanium tetrachloride (TiCl 4 ) (BDH) was dissolved in water whilst cooling the container with an ice/water mixture (large amounts of HCl gas being generated during this procedure). Precipitation of Ti(OH) 4 was conducted in the same manner as for zirconium hydroxide (pH = 9.5) and the precipitate formed treated as described above. A 1:1 molar ratio of the two hydroxides was obtained by mixing the appropriate weight of each hydroxide, grinding, re-mixing, stirring and grinding once more whilst adding a few drops of distilled water to ensure maximum mixing. The resulting amorphous mixture was calcined by heating in air at 650ºC for 3 h. The resulting material is designated below as PMH.
Modified samples were obtained by immersing 3 g of the mixed solid in 50 ml of an appropriate solution with occasional shaking for 24 h, filtering and then drying at 80ºC for 72 h. The solutions employed were those of perchloric acid (HClO 4 ) (Merck, 70%) and (NH 4 ) 2 S 2 O 8 (Veb Laborchemie, Germany) of 0.05, 0.1, 0.2 and 0.4 M concentration, such concentrations being labelled as 1, 2, 3 and 4 in the designations of the samples employed below. The perchlorated samples are correspondingly labelled as Cl and the persulphate samples as S. Samples soaked before calcination are labelled PMH while those calcined before soaking are labelled PMO. Thus, ClPMH2 is a sample perchlorated using a ClO 4 concentration of 0.1 M and calcined at 650ºC after perchloration, while SPMO4 is a sample calcined at 650ºC before persulphation employing a solution containing 0.4 M S 2 O 8 2anions.
Techniques
X-Ray diffraction (XRD) patterns were obtained using a Philips X'Pert instrument employing Cu Ka radiation (940 kV, 30 mA) over a 2q range of 10-90º. Infrared (IR) spectra were measured at room temperature by means of an ATT Mattson Infinity Series FT-IR TM spectrometer using the KBr disk technique. Measurements of the surface acidity of samples were made via the irreversible adsorption of pyridine from cyclohexane solution as determined spectrophotometrically (l max = 256 nm) using an Unicam UV-vis (UV-300) spectrophotometer. For such measurements, 0.1 g of a given solid preheated at 120ºC overnight was shaken for 24 h with 10 ml of freshly prepared solutions of different concentration in the range conforming to the Lambert-Beer law. In each case, the measured adsorption values showed an excellent fit to the Langmuir adsorption relationship. Nitrogen adsorption/desorption isotherms were measured at -196ºC using a conventional volumetric apparatus connected to an evacuating system that allowed a residual pressure of 10 -4 Torr to be attained.
RESULTS AND DISCUSSION
Structural assessment
X-Ray diffraction measurements
The just-dried solids obtained after precipitation proved to be amorphous materials that gave XRD patterns with no indication of any kind of crystallinity. The materials obtained after calcination of the mechanically mixed hydroxides of zirconium and titanium (1:1 molar ratio) at 650ºC gave a diffraction pattern composed of different peaks due to the oxides formed on thermal treatment ( Figure 1 ). Thus, peaks due to anatase (Tsevis et al. 1998 ) appeared at 2q = 25.2 (100), 36.8, 37.7, 38.5 (004), 48.0 (200), 53.8 (105), 55.0 (211) and 62.7º (204), respectively. The relative intensities of the different peaks and their positions in the spectrum indicated that crystallization of the anatase modification had occurred as expected. The peaks due to zirconium oxide were mainly due to the thermodynamically stable monoclinic modification (Aramendia et al. 1997) together with a few peaks (although of considerable intensity) due to the metastable tetragonal and cubic phases. The monoclinic modification resulted in peaks at 2q = 23. 96, 28.15, 31.38, 34.05, 40.71 and 49.19º , respectively, for the tetragonal modification at 35.37, 74.89 and 82.70º, respectively, and for the cubic modification at 50.11 and 59.75º, respectively (Dominguez et al. 2000) . However, it should be pointed out that the unambiguous assignment of the tetragonal and cubic phases is not possible from XRD measurements alone (Kilo et al. 1992; Yashima et al. 1996) . The relative intensities of the peaks due to the different modifications indicate that zirconia was mainly present as the monoclinic variety, which is the most stable modification of zirconia at ambient temperature. It has been reported (Yamaguchi 1994) that a gel containing a high proportion of bridged OH groups would be expected to give the tetragonal form whereas if terminal OH groups predominate in the gel the monoclinic variety would be expected to be formed upon calcination. Thus, it may be concluded that the gel formed in the present studies exhibited a greater proportion of terminal OH groups relative to bridging OH groups. The patterns obtained for samples soaked in persulphate solutions before calcination at 650ºC showed interesting variations when compared to that produced by the parent mixed hydroxide sample ( Figure 1) . Thus, the adsorption of S 2 O 8 2anions on the hydroxides initially present favoured the formation of the tetragonal phase of zirconia at the expense of the monoclinic variety on calcination at 650ºC. However, this effect was greatest for lower concentrations of the S 2 O 8 2anion and decreased with increasing concentration of the latter. Thus, when the patterns for samples SPMH2 and SPMH4 are compared, the peaks for the tetragonal modification at 2q = 30.14, 50.13 and 60.29º were of higher intensity for the former relative to the latter sample. It should be noted that increasing intensity of peaks due to the tetragonal modification was accompanied by a decrease in the intensity of those associated with the monoclinic form and vice versa. When the peaks due to the anatase phase are considered, it will be seen that the adsorption of S 2 O 8 2anions did not lead to a decrease in the peak intensity although peak broadening was clearly visible as the concentration of the anion in the sample studied increased. Such peak broadening may be interpreted in terms of a decrease in crystallite size due to the interaction of the anions with the TiO 2 network leading to a hindering of particle growth (Samantaray et al. 2000) . The same consideration applies to the zirconia phase. However, in view of the changes recorded in the XRD patterns, it may be suggested that interaction of S 2 O 8 2anions at low concentration levels occurred mainly with terminal OH groups leaving those regions with exposed OH bridging groups to form the tetragonal modification at the expense of the monoclinic variety. Increasing S 2 O 8 2anion concentration led to interaction with bridging OH groups as well as the terminal variety with a consequent decrease in the extent of formation of the tetragonal modification.
Soaking the mixed hydroxide in HClO 4 prior to calcination appeared to lead to an improvement in the crystallinity of the oxides formed on calcination. Thus, an increase in the peak intensities due to the different oxides may be noted if the patterns for samples ClPMH2 and PMH are compared ( Figure 1 ). This improvement in crystallinity decreased with increasing HClO 4 concentration in the initial sample (see pattern for sample ClPMH4, Figure 1 ). Adsorption of ClO 4 anions appeared to occur mainly on the bridging OH groups of the zirconia gel leaving most of the terminal OH groups free. This would explain the increased degree of crystallinity observed for the monoclinic variety of zirconia. The small proportion of the tetragonal modification would imply that stabilization of this modification by ClO 4 anions occurred to a lesser extent than effected by S 2 O 8 2anions. The decrease in the intensities of the peaks due to both the monoclinic and tetragonal modifications with increasing ClO 4 anion concentration indicated that increased adsorption of this anion hindered further particle growth. If the increase in crystallinity of the monoclinic variety was due to enhanced transformation of the tetragonal phase, one would expect that the decrease in intensities of peaks attributable to the former phase upon increasing the concentration of the ClO 4 anion would be accompanied by a corresponding increase in the intensities of peaks attributable to the tetragonal phase.
Relative to sample PMH, the increase in the intensities of peaks due to the anatase phase was not as great as that recorded for the peaks due to zirconia. However, the adsorption of ClO 4 anions caused the appearance of peaks due to rutile at 2q = 27.3 and 36.1º (Loddo et al. 1999 ) when the sample was calcined, with these peaks increasing in intensity as the concentration of ClO 4 anions in the samples increased ( Figure 1) . The increase in the peaks due to rutile corresponded to the decrease in the peaks due to anatase, thereby implying that formation of the rutile phase proceeded via transformation of the anatase form. The fact that rutile was formed in the presence of the ClO 4 anion but not the S 2 O 8 2anion may be explained by the observation that hydrolysis of TiCl 4 solution yields either anatase or rutile, with the presence of sulphate anions favouring the generation of anatase at the expense of rutile (Anderson 1975) .
Infrared spectroscopy
The infrared spectra of the various samples were examined to establish the mode of interaction between the adsorbed anion and the surfaces of the mixed zirconium/titanium oxides. The spectra of samples calcined at 650ºC before loading with S 2 O 8 2anions reflect the increase in the amount of the anion adsorbed with increasing concentration (see spectra for samples SPMO1 and SPMO4 in Figure 2 ). Thus, the spectrum of sample SPMO4 displayed bands at 1402, 1205 (shoulder), 1128, 1047 and 1024 cm -1 . IR studies of sulphated metal oxides have shown the existence of a strong absorption band at ~1400 cm -1 commonly associated with the presence of an S=O bond with a strong covalent character (Silverstein et al. 1991) . However, many structures have been suggested for sulphate species associated with the S=O bond. It has been concluded (Bensitel et al. 1988; Saur et al. 1986 ) that sulphate species on zirconium oxide possess single, uncoupled S=O oscillators. The complexity of the spectrum in the 1200-800 cm -1 region has been attributed to the presence of as many as three different surface species with a common band at ca. 1400 cm -1 . The stretching frequency of the S=O bond in the sulphate group is reported to be in the range 1390-1357 cm -1 (Chen and Yang 1993). This band shifts to a higher wavenumber with increasing sulphate content (Moreno and Poncelet 2001) to appear at ca. 1400 cm -1 due to the formation of S 2 O 7 2--type species (one coupled S-O-S bridge and two isolated S=O oscillators). In our case, this type of species could be provided by the S 2 O 8 2anion and hence the band at 1402 cm -1 could be attributed to the S=O group of an S 2 O 7 2--type species. The shoulder at 1205 cm -1 may also be related to this kind of species (Moreno and Poncelet 2001). The value of g 3 is 1104 cm -1 for a free SO 4 2anion (T d symmetry) but when SO 4 2is bound to a solid surface the symmetry may be lowered to either C 3g (unidentate) or C 2g (chelating-bidentate and/or bridged-bidentate) (Nakamoto 1986 ). For C 3g symmetry, g 3 is split into two peaks whilst for C 2g symmetry it is split into three peaks. The peaks at 1128, 1047 and 1024 cm -1 may thus be attributed to g 3 of SO 4 2anions bound to the surface and may be compared with those reported for the adsorption of SO 4 2anions on to titania (1110, 1045 and 1005 cm -1 ) (Sauer et al. 1986 ). The differences may be related to the co-existence of zirconia in the cases studied here.
The spectra of the samples calcined at 650ºC after loading with S 2 O 8 2anions at a concentration less than 0.4 M showed no indication for any adsorbed S 2 O 8 2species (Figure 2) . Indeed, only sample SPMH4 exhibited a spectrum with very small peaks which could be correlated with some remaining adsorbed S 2 O 8 2anions. The absence of the band at 1400 cm -1 indicated the absence of the suggested S 2 O 7 2--type species, which again agreed with the fact that the decomposition temperature for persulphate is ca. 250ºC. Two very small bands were still observable at 1128 and 1047 cm -1 together with a tiny shoulder at 1024 cm -1 , indicating the presence of small amounts of adsorbed sulphate arising from the decomposition of persulphate anions (Figure 2 ). The persulphate anions were thus adsorbed on the surface of the mixed (hydr)oxides as two separate SO 4 2groups bound either through the formation of chelating-bidentate and/or bridging-bidentate linkages. Isotope exchange data and IR results (Saur et al. 1986 ) have favoured the presence of a bridged-bidentate structure.
The spectra of samples calcined at 650ºC and then loaded with perchlorate anions indicated that the amount of ClO 4 anions adsorbed increased with increasing HClO 4 concentration in the impregnating solution. The spectrum of sample ClPMO4 displayed three peaks at 1140, 1121 and 1091 cm -1 together with a weaker band at 1375 cm -1 (Figure 3) . The latter may be attributed to the Cl=O vibration of the perchlorate group (Mishra and Parida 1999) . However, the appearance of this band at a lower wavenumber than previously reported (1398 cm -1 ) implies a weak interaction between the ClO 4 anions and the surface. Nevertheless, the fact that three peaks were observed indicates some kind of interaction with the surface. The ionic form of perchlorate possesses a triply degenerate g 3 mode at a frequency of 1110 cm -1 . However, if the perchlorate group is involved in partial covalent bonding through one oxygen atom, the symmetry is lowered from T d to C 3g , whereas bonding through two oxygen atoms to form a chelated structure or bridging ligand would lower the symmetry to C 2g (Mishra and Parida 1999) . As in the case of the SO 4 2group, C 2g symmetry is associated with the appearance of the triply degenerate g 3 mode as a triplet. Thus, the bands observed at 1140, 1121 and 1091 cm -1 may be attributed to bonding of the ClO 4 anion with the surface of the mixed zirconium-titanium oxides. It is most probable that such bonding was bidentate-bridging since no bidentate-chelate perchlorate complex has been reported (Cotton and Wilkinson 1972). The sample loaded with 0.4 M HClO 4 and then calcined at 650ºC displayed no bands attributable to any adsorbed ClO 4 anions (Figure 3) , implying a severe loss of adsorbed anions due to calcination (the decomposition temperature of the ClO 4 anion being 320ºC). Figure 4 depicts the adsorption isotherms for pyriding at 28ºC on some persulphated and perchlorated samples. All the samples studied were found to generate Langmuir-type isotherms although the details of the isotherm shapes differed from one sample to another. The Langmuir equation is valid for monolayer adsorption on to a surface containing a finite number of identical sites and is frequently used to represent data associated with adsorption from solution. The Langmuir equation can be expressed as:
Adsorption of pyridine
where X m is the maximum surface coverage corresponding to the formation of a monomolecular layer on the adsorbent surface (mmol/g), C e is the concentration of adsorbate in solution under equilibrium conditions (mmol/g) and K is the adsorption constant (l/mol).
The shape of the isotherm may also be considered as a means of predicting whether a given adsorption system is favourable or unfavourable. The essential characteristic of the Langmuir isotherm can be expressed in terms of a dimensionless separation factor or equilibrium parameter (Gonzalez-Pradas et al. 1987 ; Alkan and Dogan 2001) R, which is defined by the relationship:
Depending on the value of R, the isotherm shape may be interpreted as follows: The values of X m , K and R for some selected samples are given in Table 1 .
Since the pK a value of pyridine (5.3) indicates that it behaves as an organic base, the adsorption results for pyridine relate solely to strong acid sites on an adsorbent surface. Furthermore, these kinds of data are incapable of distinguishing between Lewis and Brönsted types of acid site (Samantaray et al. 2000) . When the results for samples calcined after perchloration were compared, it was noted that the number of acid sites on their surfaces (mmol/g) increased as the HClO 4 concentration was increased from 0.05 M to 0.1 M but decreased when the HClO 4 concentration was increased further. The value of the separation factor, R, may be taken as a measure of the acid site strength, with a value close to zero indicating an increase in the irreversible adsorption of pyridine and therefore an increase in the strength of the acid site. On this basis, it will be noted that the acid strength followed the same sequence as that observed for the number of acid sites.
This observation may be interpreted on the basis that the creation of acid sites arose from the inductive effect of the ClO 4 group on a neighbouring Zr or Ti site as proposed for the SO 4 2anion (Yamaguchi 1990; Tabora and Davis 1995) . At low concentrations, strong bonding occurred between the solid surface and the ClO 4 anions due to the limited competition between the anionic species. As the concentration of HClO 4 in the impregnating solution increased, overcrowding of anions led to a decrease in strength of the overall adsorption so that most of the adsorbed anions decomposed upon calcination resulting in a lower acidity. The IR spectrum of sample ClPMH4 (Figure 3 ) exhibited the complete absence of peaks due to any adsorbed ClO 4 anions, although the spectra of samples loaded with ClO 4 and subjected to no further heating (not shown) indicated an increase in the amount of ClO 4 anion adsorbed with increasing HClO 4 concentration. Following the same line of reasoning, the decrease in the degree of crystallinity of ZrO 2 exhibited by samples ClPMH2 and ClPMH4 (Figure 1 ) may be attributed to the accumulation of excess ClO 4 anion on the primary particles leading to a limitation on their increased crystallinity. The development of the rutile phase which normally occurs at a higher temperature than that employed for calcination in the present studies may be attributed to such an accumulation disturbing the equilibrium of the anatase phase initially formed and leading to the formation of the rutile phase. The increase in the rutile phase with increasing ClO 4 anion concentration observed with sample ClPMH4 may therefore be related to the increased accumulation of ClO 4 anions on increasing the HClO 4 concentration in the impregnating solution. A comparison of the amount and strength of the acid sites for samples ClPMO1 and ClPMH1 indicates that the former sample exhibited higher values for both quantities. This is not unexpected since this sample was loaded with perchlorate anions after calcination, thereby allowing the surface to retain most of the adsorbed anions.
Samples subjected to persulphation prior to calcination exhibited a different trend. In these cases, the amount of acid sites was found to decrease with increasing S 2 O 8 2anion concentration in the impregnating solution, although the strength of such sites as measured by the factor R increased as such persulphate loading increased (Table 1) . This result may be explained by an increase in the inductive effect due to the bonding of S 2 O 8 2anions with the solid surface. In contrast, the decrease in the number of acid sites with increasing S 2 O 8 2anion concentration may be attributed to a greater loss of adsorbed anions upon calcination due to initial steric hindrance linked to the bulky nature of the S 2 O 8 2anions. It should be noted that both the amount and strength of the acid sites in persulphated samples was higher than those for the corresponding perchlorated solids, suggesting that the interaction of S 2 O 8 2anions was stronger than that of ClO 4 anions with the solid surface. This latter point is supported by the IR spectra depicted in Figures 2 and 3 , where the spectrum of sample SPMH4 exhibited bands (albeit weak) due to species which were still adsorbed whereas that for sample ClPMH4 indicated the complete absence of any adsorbed species after calcination.
Another difference between persulphated and perchlorated samples may be noted if the pyridine Figure 5 . Adsorption/desorption isotherms for nitrogen at -196ºC and the corresponding V adsorption data for samples SPMH1 and SPMO1 are compared. The quantity of acid sites on the former was higher than on the latter, which may be attributed both to decreases in the available surface due to crystallization and to the spatial structure of the S 2 O 8 2anion. The latter might overcome the expected loss in the amount of S 2 O 8 2anion adsorbed upon calcination. With both perchlorated and persulphated samples, it was found that the strength of the acid sites created on the pre-calcined samples was greater than that found for samples subjected to calcination after loading with anions (see data in Table 1 ).
Textural assessment
The mixed oxide sample PMH, resulting from calcination of the original mixed hydroxides at 650ºC, exhibited a nitrogen adsorption/desorption isotherm at -196ºC which was type II in the Brunauer classification (Brunauer et al. 1940 ) and which exhibited a hysteresis loop which closed at P/P 0 = 0.69 ( Figure 5 ). The average pore radius corresponded to a cylindrical pore shape ( Table  2) , implying that the sample possessed pores with sizes in the mesopore range. The corresponding plot of V a versus t based on the use of reference material with a suitable BET C-constant (Lecloux and Pirar 1979) displayed an upward deviation which commenced at t = 5.3 Å, i.e. P/P 0 = 0.4, thereby confirming the mesoporosity of the sample. However, a hysteresis closure point at P/P 0 = 0.69 implies that the isotherm possessed a region of capillary condensation without hysteresis which may be attributed to cone-shaped and wedge-like pores with sizes in the wide micropore/ narrow mesopore range (Gregg and Sing 1982) .
Samples calcined prior to loading with ClO 4 anions all exhibited lower specific surface areas than that for the unloaded sample, with sample ClPMO4 possessing the highest loading of ClO 4 anions exhibiting an area which was only 50% of the value for the parent unloaded sample ( Table  2 ). The three other samples listed all exhibited virtually the same specific surface area corresponding to 83 ± 2% of the surface area of the original sample. However, the changes in the total pore volume, V p , upon loading with ClO 4 anions showed a different trend. Thus, samples ClPMO4, ClPMO1 and ClPMO3 showed a considerable decrease in total pore volume linked with a corresponding decrease in average pore radius, implying that the loss in total pore volume was much greater than the observed loss in specific surface area. This decrease in the average pore radius was reflected in the size of the hysteresis loops exhibited by the corresponding adsorption/ desorption isotherms and in the magnitude of the upward deviation in the corresponding V a versus t plots ( Figure 5) .
The total pore volume of sample ClPMO2 was considerably higher than that of the parent unloaded material which, in view of the small decrease in specific surface area, implies that the magnitude of the average pore radius was higher than that of the parent solid. It may be suggested that the adsorption of ClO 4 anions at the first level of loading occurred mainly in wider pores which although contributing to the total pore volume possess only a limited role as far as the measurable surface area was concerned. Further increase in the ClO 4 anion loading up to 0.1 M to yield sample ClPMO2 apparently led to the penetration of particles at their contact points, with a consequent increase in the total pore volume and the average pore radius. It should be noted that the position of the closure point in the hysteresis loop associated with the adsorption/desorption isotherm for this sample agreed with the point at which an upward deviation occurred in the corresponding V a versus t plot, implying the disappearance of pores with a cone or wedge shape. At still higher ClO 4 anion concentrations, more regions were blocked with a resulting loss in specific surface area and pore volume and a consequent decrease in the average pore radius.
Samples loaded with ClO 4 anions prior to calcination at 650ºC exhibited lower values for the specific surface area, pore volume and average pore radius (see Table 2 ). However, the values of V p and r h increased with increasing anion concentrations whereas those for A BET were almost the same for samples ClPMH1, ClPMH3 and ClPMH4. However, this value was lower than that for sample ClPMH2 which was characterized by a specific surface area which was not much lower than that of the unloaded parent material. All the adsorption/desorption isotherms displayed narrow hysteresis loops which closed in the P/P 0 range 0.66-0.80 with no regular sequence being obvious ( Figure 6 ). The V a versus t plots for these samples all displayed upward deviations starting at P/P 0 values which did not match the closure points in the corresponding hysteresis loops, thereby implying the persistence of a region of capillary condensation without hysteresis as for the unloaded parent material. The loss in surface area due to loading with ClO 4 anions before calcination did not exceed 30%, while losses as high as ~75% were recorded in the values of the total pore volume which for sample ClPMH4 decreased by as much as 50% relative to that for the parent sample. This may be interpreted as corresponding to the concentration of adsorbed anions in wide pores at low levels of impregnation to leave a solid dominated by narrow pores. This process continued at higher loadings thereby leading to a narrowing of the existing wide pores. Alternatively, it could be suggested that the adsorbed anions were concentrated initially in narrow pores leaving the wider ones free to be influenced by calcination. Since these pores participate to a greater extent in the total pore volume, this could explain the considerable decrease observed in the value of V p .
The surface parameters for samples calcined at 650ºC and then loaded with S 2 O 8 2anions showed a continuous decrease with increasing loading (Table 2 ). Up to an S 2 O 8 2anion concentration of 0.1 M (sample SPMO2), the decrease in surface area apparently corresponded to a comparable Figure 6 . Adsorption/desorption isotherms for nitrogen at -196ºC and the corresponding V a versus t plots on different perchlorated mixed hydroxides. Figure 7 . Adsorption/desorption isotherms for nitrogen at -196ºC and the corresponding V loss in pore volume thereby suggesting that the average pore radius remained constant relative to that in the parent unloaded sample. It would seem that at this level of loading the adsorption of anions occurred in pores of intermediate size participating equally in the measured specific surface area and total pore volume. On increasing the anion loading to obtain samples SPMO3 and SPMO4, anion adsorption led to a greater decrease in the total pore volume than that occurring in the specific surface area with a consequent decrease in the average pore radius. It would seem that, at higher levels of loading, anion adsorption was directed to wider pores participating in the measured pore volume to a greater extent than in the specific surface area. The hysteresis loops associated with the adsorption/desorption isotherms and the upward deviations in the corresponding V a versus t plots (Figure 7) reproduced the sequence of events noted above concerning the changes in the different surface parameters.
The adsorption of S 2 O 8 2anions prior to calcination caused a decrease in the surface parameters to reach a minimum value in the case of sample SPMH2. The specific surface areas of all the samples other than SPMH2 were slightly higher than that of the parent unloaded material. The decrease in the value of the average pore radius implies that the loss in texture resulting from anion adsorption was caused primarily by the loss of large size pores. This process appeared to be at a maximum level at a 0.1 M S 2 O 8 2anion concentration level, leading to a severe loss of pore volume and a considerable loss in surface area. According to the XRD results, the formation of the tetragonal phase of zirconia was a maximum for sample SPMH2, with such formation declining at higher concentration levels of S 2 O 8 2anions. This would therefore suggest that the tetragonal phase formed was responsible for the observed changes in texture on adsorption of S 2 O 8 2anions. It should be noted that formation of the tetragonal phase was marginal for perchlorated samples, with the losses in surface area and pore volume being very high compared with those observed for the persulphated materials. Hence, the variations noted in the structural aspects of the samples studied could be correlated with the differences observed in their textures.
